Abstract Bio-char is a by-product from thermochemical treatment of biomass and has been identified as an energy condensed product with a comparable heating value as commercial coal. However, the combustion of such solid product as an energy resource is only a preliminary application. It is highly possible to convert bio-char, which always has a condensed aromatic and porous structure to various high-value products. The investigations of the structures and formation pathways for the bio-char are very important to any future applications. In this study, six different biomass components, including cellulose, lignin, and tannin, and three whole biomasses-pine wood, pine residue, and pine bark-have been used to produce bio-char at 400, 500, and 600°C. Solid-state NMR and FT-IR have been employed in this study to characterize the structures for the bio-chars. The results indicated that the bio-chars produced from lignin contained some methoxyl groups, and the bio-chars produced from tannin contained significantly higher amount of phenolic hydroxyl groups. Compared to the bio-chars produced from pine wood and residue, the bio-chars produced from pine bark contained more aromatic C-O bonds, and aliphatic C-O and C-C bonds, which may be due to the significantly higher amount of lignin and tannin in the pine bark. However, the elevated amounts of aromatic C-O and aliphatic C-O and C-C bonds in the bio-chars from pine bark appeared to be completely decomposed at 600°C.
Introduction
The biochemical and thermochemical conversions of biomass have been proposed to be the most promising methods to utilize the biomass for fuels and chemicals. Indeed, most of the publications about biomass project are based on these two technology platforms. Since the thermochemical conversion processes require a technology platform similar to the existing petroleum industry, it has been reported as one of the promising approaches to utilize biomass. However, the formation of bio-char during the pyrolysis process is inevitable, and up to 40-50 wt% of bio-char can be produced by pyrolysis of lignin and tannin at 500°C [1] . Another type of thermochemical decomposition of biomass-torrefaction-can produce~70 wt% of bio-char while maintaining~70% of energy from biomass [2] , and the produced bio-char has also been identified as energy condensed product with a comparable HHV (higher heating value) as commercial coal [2] . However, combustion of these solid products as Electronic supplementary material The online version of this article (doi:10.1007/s12155-017-9863-2) contains supplementary material, which is available to authorized users.
an energy resource is only a preliminary application. It is highly possible to convert bio-char, which always has a condensed aromatic [3] [4] [5] and porous structure [4, [6] [7] [8] to high-end products. For example, bio-char applications include supporting material for catalysts, soil productivity, and magnetic sorbents for waste water. Due to the porous structure, slight alkaline, and abundance of various necessary elements for the plants, it is possible to use bio-char as an alternative soil or amendment of soil [9, 10] . Functional bio-chars can be produced by immersing biomass with tailored metal solutions before thermochemical conversion process. Thanks to the natural porous structures of bio-char, a noble metal catalyst or magnetic biochar particle [11] (caused by Fe x O y ) can make Bwasteb io-char into be a high value product. Besides natural pores generated from pyrolysis process in the bio-char, synthetic pores by addition and removal of Al 2 O 3 during the bio-char production can also be a promising method to produce porous functional particles [12] .
The current annual stock of waste biomass (biomass discharged from today's society) is estimated as~46 exajoules (EJ) from agricultural biomass and~37 EJ from forestry biomass on the worldwide basis, yielding approximately 83 EJ, which is around 20% of the total worldwide energy consumption [13] . Based on the US billion-ton update, the currently (2012) available forestry wastes at a range of price (<$60 per dry ton) is~90 million dry tons in the USA. In the meanwhile, the currently available agricultural residues and waste resources at the same price range are~240 million dry tons in the USA. The thermochemical conversion process is a promising approach to convert these waste biomasses into chemicals and biofuel precursors [14] . Normally, for some of these waste biomasses (bark, forest residue, etc.), they can contain a large amount of tannin and lignin [15, 16] , which have a more complicated structures compare to the cellulose (Fig. 1a-c) . The thermochemical conversion of these waste biomasses will produce more solid products due to the higher contents of lignin and tannin.
The investigations of the structure and formation pathways of bio-char are very important to fully understand and utilize this Bwaste^by-product for high-value materials. Although there are several approaches [17] [18] [19] [20] [21] [22] [23] [24] [25] to explore the structure and formation mechanisms of biochar produced from biomass in the literature, the detailed formation pathways for the bio-char are still unclear due to its extremely complicated reactions and highly condensed structures. The complicated nature of biomass requires fundamental investigations of pyrolytic behaviors of various biomass components. Therefore, in this part of our studies, the major lignocellulosic biomass components, including cellulose, lignin, and tannin, have been employed first to examine the pathways for bio-char formation. Solid-state NMR was used as the characterization method, and computational simulations for the model structures of the bio-char have also been investigated to facilitate the chemical shift assignments. In addition to the biomass components, the bio-chars produced from waste biomasses (i.e., pine residue and pine bark) have been examined as well.
Materials and Methods
All the reagents used in this study were purchased from VWR International or Sigma-Aldrich and used as received. Loblolly pine (Pinus taeda, 10 years old) wood, bark, and residue were collected from a University of Georgia research plot in Macon, GA [15] . The wood samples were refined by a Wiley mill through a 0.13-cm screen, dried under high vacuum at 50°C for 48 h, and stored at~0°C prior to use. The contents for major biomass components have been reported in the literature [15] , and the results are shown in Table 1 .
Pyrolysis System and Procedure
The pyrolysis system used in this study is shown in Fig. 2a . Pyrolysis experiments were conducted in a quartz pyrolysis tube heated with a split-tube furnace. Typically, the pyrolysis sample (4.00 g) was placed in a quartz sample boat, which was then placed in the center of a pyrolysis tube. A K-type thermal couple was immersed in the sample powder during the pyrolysis to measure the heating rate (~2.7°C/s). The pyrolysis tube was flushed with nitrogen gas (flow rate was 500 mL/min) and then inserted in the pre-heated furnace. The pyrolysis vapor was passed through two condensers, which were immersed in liquid N 2 . (Note: liquid N 2 was used for experimental convenience.) Upon completion of pyrolysis process, the reaction tube was removed from the furnace and allowed to cool to RT under constant N 2 flow. The condensers were then removed from liquid nitrogen and warmed to RT. The pyrolysis bio-char and oil were collected for subsequent chemical characterization. In general, the liquid products contained two immiscible phases referred to as heavy and light oil (Fig. 2b) . The light oil was acquired by decantation, and the heavy oil was recovered by washing the reactor and condensers with acetone followed by evaporation under reduced pressure. Bio-char yields were determined gravimetrically, and gas formation was calculated by mass difference. The errors of the yields are~±2%.
Solid-State CP/MAS 13 
C-NMR
Solid-state CP/MAS 13 C-NMR was carried out using a Bruker DSX 300 NMR spectrometer operating at 75.48 MHz. The experiments were performed at ambient temperature using a Bruker 7 mm MAS probe. The samples were ground and packed into 7 mm ZrO rotors, which were spun at 4 kHz.
FT-IR Analysis
Surface functionality of the char samples were assessed employing a PerkinElmer Spectrum One FT-IR spectrometer with universal attenuated total refection. The spectra were conducted at a 4 cm −1 resolution with a total of 32 scans for each sample from 4000 to 600 cm −1 . All the FT-IR spectra were collected from the data for the average of duplicated tests. Results and Discussion
Yields of Bio-char
The yields of bio-char produced from different biomass components and whole biomasses at different temperatures are shown in Table 2 . The results indicate that cellulose produced the smallest amount of bio-char compared to the other biomass components, whereas lignin produced the largest amount of bio-char. As predicted by the contents of biomass components, pine wood produced much less bio-char than the pine residue and pine bark. The higher amount of solid products from thermochemical conversion of these waste biomass resources call for further applications of bio-char. One conclusion about the yields for the bio-chars is very obvious-the yields for different biomass components and whole biomasses are very different (>200%). The significant differences among the biomass components indicate that the thermochemical decomposition pathways for these materials should be substantially different. A detailed investigation of chemical structures of these different bio-chars was accomplished by the solid-state 13 C-NMR.
Investigation of Chemical Structures by the Solid-State 13 C-NMR
The solid-state 13 C-NMR spectra for the different bio-chars produced from different biomass components and whole biomasses are shown in Fig. 3a-f . Very surprisingly, although the original structures (Fig. 1a-c) for the cellulose, lignin, and tannin are significantly different, the produced bio-chars from these biomass components are very similar to each other, especially the bio-chars produced at 600°C. They all contained a very condensed aromatic structure, since the major peaks for these bio-chars belong to the aromatic carbons. In addition to the bio-chars from biomass components, all the bio-chars produced from three whole biomasses at 600°C also share the similar structures. The only visible difference for the chemical a b Fig. 2 a Pyrolysis system used in this work. b Two immiscible liquid products and solid product for pyrolysis of biomass structures between the bio-chars produced from whole biomass and biomass components is that there is a small peak at~155 ppm in all of the whole biomass bio-chars, especially the bio-chars produced from pine residue and pine bark. This signal can be assigned to the aromatic C-O bonds based on the literature report [23] . The chemical shift simulations for several model compounds of bio-char (Figs. S1-S8) also indicate that these aromatic C-O bonds belong to the condensed polycyclic aromatic hydrocarbon (PAH), such as pyrene. One of the reasons that minor amounts of aromatic C-O bonds in the whole biomass can survive the high-temperature thermochemical decomposition can be the more complicated matrix structures in the whole biomass which provides extra barriers for the decomposition. In addition, the isolation process for the biomass components may also decompose/change the original structures of biomass components, which may make the isolated biomass components less tolerated for the thermochemical decomposition. Another common trend for these six different biomass-derived bio-chars is the chemical shifts for the aromatic carbons in bio-chars produced at higher temperature appear to move to the upfield (have lower ppm) when compared to the bio-chars produced at low temperature. There are a few studies [4] which have investigated the size of condensed aromatic ring cluster in the bio-char, which is very important for the further applications of the bio-char. Several NMR chemical shift simulations for the polycyclic aromatic hydrocarbons have been accomplished in this study (Figs. S1-S8), and the results indicate that a more condensed PAH will have a more average chemical shift in the upfield region (Figs. S4 and S8). The experimental data [26] for pyrene and coronene also supported this conclusion on the basis of the simulations of chemical shifts for several model compounds. A similar result has been proposed in the literature [4] , which indicated that there should be~7-8 rings per cluster in the biochars produced from switchgrass and corn stover at 500°C, while the bio-chars produced at higher temperature (~750°C) in a gasification process were much more condensed-~17 rings per cluster. The bio-char (Fig. 3a) produced from cellulose at a low temperature (400°C) contained some aromatic C-O bonds. It is difficult to differentiate between the aromatic C-O bonds in condensed furan (Figs. S2 and S7) and condensed phenolic hydroxyl (Figs. S3 and S5) . The 1 H- 13 C 2D HETCOR spectra [21] can separate these two bonds, and the results in the literature indicated that both of these two bonds exist in the biochar produced from miscanthus at 300°C. Although there are some overlaps between spinning sidebands (associated with the aromatic peak at~125 ppm), and C=O bonds (~200 ppm) and aliphatic C-O bonds (~60 ppm), compared to the bio-char produced at 600°C, the bio-char produced at 400°C has more C=O bonds and aliphatic C-C bonds, which indicate that thermochemical decomposition of biomass at a higher temperature can produce a more condensed solid residue with very limited side chains around and less oxygen atoms in the aromatic structure. Figure 3b shows the NMR results for the bio-chars produced from lignin. Compared to the bio-chars produced from cellulose at 400°C, there were two unique peaks in the lignin bio-chars, and both of them were in the aromatic C-O bond range (~155 and~145 ppm). The peak at~155 ppm can be assigned to the condensed phenolic hydroxyl group, and the peak at~145 ppm can represent the methoxyl-aromatic bonds. The peak at~56 ppm in the lignin bio-char also indicated that there were still some methoxyl groups left after the pyrolysis process at 400°C for the lignin, which, however, will be eliminated during a higher temperature (500°C) treatment. The peak at~145 ppm (methoxyl-aromatic bonds) will also be removed in the bio-char produced from lignin at 500°C, which is consistent with the missing peak of methoxyl groups at~56 ppm for this bio-char produced at the same temperature. Similarly with the bio-chars produced from cellulose, the bio-chars from lignin also contained some C=O bonds and aliphatic C-C bonds, and all of these bonds will be decomposed completed at high temperature (600°C).
Compared to the bio-chars produced from cellulose and lignin, there was a very strong peak at~155 ppm in the biochar produced from tannin, which can be assigned to the aromatic C-O bonds. There are significant amount of phenolic hydroxyl groups in the original structure of tannin (Fig. 1b) , which may be the reason that why there were much more aromatic C-O bonds in the solid residue after the thermochemical decomposition of tannin at low temperature (400 and 500°C); however, these aromatic C-O bonds in the tannin are not stable at higher temperatures (600°C) and undergo thermochemical decomposition. Almost all of the aromatic C-O bonds at~155 ppm were absent in the bio-char produced from tannin at 600°C, and the spectrum is almost identical with the spectrums for the bio-chars produced from cellulose and lignin, which indicated that a similar structure has been produced for all of these three biomass components at 600°C. Another special peak in the bio-char produced from tannin at low temperature (400°C) is at~85 ppm, which can be assigned to the aliphatic C-O bonds in the basic structure of tanninfavonid. The remaining favonid structure indicated that the large PAH is not fully formed in bio-char produced at low temperature; some unconjugated structures and other functional groups will still present in these bio-chars. Table 1 lists the contents for the major biomass components in the three different whole biomasses used in this study. The results show that the differences between pine wood and pine residue are limited, but pine residue did contain some tannin (<5%). As predicted, the bio-chars produced from pine wood and pine residue also shared the similar structures (Fig. 3d, e) , except that the bio-char produced from pine residue contained relatively higher amount of aromatic C-O bonds (~155 ppm) and aliphatic C-O bonds (~85 ppm), which are the special products that originate from the thermochemical decomposition of tannin. Similar to the individual biomass components, the C=O bonds, aromatic C-O bonds, aliphatic C-O (including methoxyl groups), and aliphatic C-C bonds in the whole biomasses cannot survive the thermochemical decomposition at 600°C, and a larger condensed aromatic structure has been observed in the bio-char produced from pine wood and residue at 600°C. Compared to the bio-chars produced from pine wood and residue, the bio-chars produced from pine bark have much more aromatic C-O, and aliphatic C-O and C-C bonds, which may be due to the significant higher amount of lignin and tannin in the pine bark. However, such differences can be only observed in the bio-chars produced at low temperature, all of the extra aromatic C-O and aliphatic C-O and C-C bonds in the bio-chars from pine bark appeared to be completely decomposed at 600°C. The tentative formation pathways and possible structures for the bio-chars produced from different biomass components and temperatures have been proposed in Fig. 4 .
Further Investigation of Chemical Structures for Bio-char by FT-IR
To further investigate the chemical structure changes for the different bio-char samples, FT-IR analysis was employed. The results have been summarized in Figs. S9 and S10. Based on the recommended FT-IR assignments (Table S1) for biomass sample, all the bio-char samples produced from a temperature Fig. 3 a Solid-state 13 C-NMR for the bio-chars produced from cellulose at 400, 500, and 600°C (from top to bottom). b Solid-state 13 C-NMR for the bio-chars produced from lignin at 400, 500, and 600°C (from top to bottom). c Solid-state 13 C-NMR for the bio-chars produced from tannin at 400, 500, and 600°C (from top to bottom). d Solid-state 13 C-NMR for the bio-chars produced from pine wood at 400, 500, and 600°C (from top to bottom). e Solid-state 13 C-NMR for the bio-chars produced from pine residue at 400, 500, and 600°C (from top to bottom). f Solid-state 13 C-NMR for the bio-chars produced from pine bark at 400, 500, and 600°C (from top to bottom) lower than 350°C have similar chemical structures with the original biomass. All the major functionalities in both lignin and pine wood can be found in the corresponding lowtemperature bio-chars produced at 200, 250, and 300°C, which indicate that major chemical structures and functional groups in the biomass cannot be fully decomposed during short time (~30 min) of low-temperature (lower than 350°C) thermochemical conversion. The intensities for the FT-IR peaks in these low-temperature bio-chars are different from the original biomass, which may be due to the limited decomposition for the functional groups but not for the main structure. For examples, the peaks represent OH groups (~3400 cm −1 ) decreased in intensity with temperature, which indicated dehydration occurred during low-temperature thermochemical conversion. The peaks around 1100 cm
also decreased in higher temperature bio-char samples, which presented some C-O bond cleavage (less C-O bonds) and new aromatic C-C bond formation (less aromatic C-H bonds). The similar conclusions have also been reported in the literature [2, 23, 27] , which investigated the lowtemperature pyrolysis or torrefaction process for the biomass samples. For the low-temperature bio-chars produced from 200, 250, and 300°C, the significant differences can be observed for these bio-chars produced from different biomasses. However, the FT-IR spectra become very similar for even different biomasses, such as lignin and pine wood, when the bio-chars produced at temperatures higher than 350°C, which indicated major changes for the main chemical structures in the biomass. On the basis of FT-IR data, the biochars produced above 350°C still contained limited amount of C=O bonds (~1700 cm −1 ), C-O bonds (~1200 cm −1 ), and aromatic C-H bonds (~800 cm −1 ), which can present side chains in the condensed aromatic structure. Compared to the starting lignin structure, lignin bio-chars produced at higher temperatures have less aromatic C-H bonds (~800 cm −1 ), which can be due to new aromatic C-C bond formation. In the meanwhile, the bio-chars produced from pine wood above 350°C have more aromatic C-H bonds (~800 cm −1 ) than original pine wood, which can be due to new aromatic ring formation from cellulose and hemicellulose. Similar to the NMR data, the bio-chars produced at high temperature from both lignin and pine wood have a very condensed aromatic structure with limited side chains, which indicate the bio-chars become more carbonized. Overall, all the FT-IR results supported the NMR investigations for the bio-chars and had the same conclusion summarized in Fig. 4 and Table S2 .
Conclusion
The bio-chars produced from pyrolysis of biomass components, including cellulose, lignin, and tannin, and whole biomasses-pine wood, pine residue, and pine bark at 400, 500, Fig. 4 Tentative formation pathways and possible structures for the bio-char produced from different biomass components and temperatures and 600°C-have been examined. Solid-state NMR and FT-IR have been employed to characterize the structures for the bio-chars. Some low-temperature (200, 250, 300, and 350°C)-produced bio-chars have also been characterized by FT-IR. The results indicated that the bio-chars produced at lower temperature than 350°C will share similar spectral data with the original biomass, which indicated limited decomposition for the main structure. In addition, the bio-chars produced at higher temperature, versus the bio-chars produced at lower temperature, have less C=O bonds, aromatic C-O bonds, and aliphatic C-O and C-C bonds, which indicated that thermochemical decomposition of biomass at higher temperature can produce a more condensed solid residue with limited side chains and less oxygen atoms. Compared to the bio-chars produced from cellulose, the bio-chars produced from lignin contained some methoxyl groups, and the biochars produced from tannin contained significantly higher amounts of phenolic hydroxyl groups. For all of the studied six different bio-chars, the chemical shifts for the aromatic carbons in bio-chars produced at higher temperature moved to the upfield (i.e., having lower ppm) when compared to the bio-chars produced at low temperature, which indicated a more condensed aromatic structures present in the bio-chars produced at high temperature. Compared to the bio-chars produced from pine wood and residue, the bio-chars produced from pine bark had more aromatic C-O, and aliphatic C-O and C-C bonds, which may be due to the significantly higher amount of lignin and tannin in the pine bark. However, such differences can be only observed in the bio-chars produced at low temperature; these extra aromatic C-O and aliphatic C-O and C-C bonds are completely decomposed at 600°C. This study investigated the structures and formation pathways for the bio-chars produced from various biomass components and whole biomasses, which can facilitate the further understanding of such Bwaste^by-product from thermochemical conversions towards its application for the high-value materials.
